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Articular cartilage is a natural biomaterial whose structure at the micro- and nanoscale 
is critical for healthy joint function and where degeneration is associated with 
widespread disorders such as osteoarthritis. At the nanoscale, cartilage mechanical 
functionality is dependent on the collagen fibrils and hydrated proteoglycans that form 
the extracellular matrix. The dynamic response of these ultrastructural building blocks at 
the nanoscale, however, remains unclear. Here we measure time-resolved changes in 
collagen fibril strain, using small angle X-ray diffraction during compression of bovine 
and human cartilage explants. We demonstrate the existence of a collagen fibril tensile 
pre-strain, estimated from the D-period at approximately 1-2%, due to osmotic swelling 
pressure from the proteoglycan. We reveal a rapid reduction and recovery of this pre-
strain which occurs during stress relaxation, approximately 60 seconds after the onset 
of peak load. Furthermore, we show that this reduction in pre-strain is linked to 
disordering in the intrafibrillar molecular packing, alongside changes in the axial 
overlapping of tropocollagen molecules within the fibril. Tissue degradation in the form 
of selective proteoglycan removal disrupts both the collagen fibril pre-strain and the 
transient response during stress relaxation. This study bridges a fundamental gap in the 
knowledge describing time-dependent changes in collagen pre-strain and molecular 
organisation that occur during physiological loading of articular cartilage. The 
ultrastructural details of this transient response is likely to transform our understanding 
of the role of collagen fibril nano-mechanics in the biomechanics of cartilage and other 
hydrated soft tissues.   
Page 2 of 41































































Keywords: collagen fibrils; proteoglycans; cartilage; nanoscale mechanics; in situ x-ray 
nanomechanics; synchrotron microbeam x-ray diffraction; prestressed fibrils  
The existence of pre-tensed, extensible fibrils in a hydrated, amorphous gel is a 
widespread characteristic of both natural and synthetic nanostructured soft matter 
systems.1–5 The mechanical functions of these composites are dependent on the 
interactions between the fibril phase, the surrounding gel phase and free- and bound 
water. However, the critical nanoscale mechanics, in particular the extension, 
reorientation and strain of the nanofibrous phase, are challenging to determine 
experimentally. Articular cartilage (AC) is a biological example where such a 
nanofibrous architecture is believed to be essential in providing the tissue with its 
mechanical functionality. In particular, the main function of articular cartilage is to act as 
a low friction, load bearing material with the ability to deform under dynamic 
compressive loading, thereby reducing stress to the underlying bone.8–10 The 
degradation of articular cartilage is associated with the musculoskeletal disorder 
osteoarthritis (OA), affecting ~12-15% of the population between 25-74 years of age.6,7 
The tissue structure, which provides the ability to withstand both high and repetitive 
loading, exhibits a depth dependent anisotropy in terms of the content and distribution 
of the constituent macromolecules. Collagen fibrils play a crucial role in the mechanical 
functionality of articular cartilage, through interactions with the other main extracellular 
matrix (ECM) component, hydrated proteoglycans.7,11,12 The 3D orientations of these 
fibrils vary with depth such that they are parallel to the surface in the superficial zone, 
randomly orientated in the transitional zone and perpendicular to the surface in the deep 
zone adjacent to the subchondral bone (Fig. 1c). The negatively charged entangled 
Page 3 of 41































































proteoglycans create an osmotic swelling pressure which is resisted by the collagen 
fibrils in order to maintain equilibrium.13 This mechanism requires the collagen fibres to 
be permanently under a state of tensile pre-strain.14,15 The magnitude of this pre-strain, 
however, has never been quantified experimentally. Indeed, little is known about the 
collagen fibril nano-mechanics in situ within the cartilage extracellular matrix.  
While many investigations have used ultrastructural and microscopic imaging 
methods to help to understand collagen structure-function relations in cartilage, these 
studies have largely ignored temporal changes during loading and unloading and do not 
provide quantitative information on the mechanics at the fibrillar level. These 
investigations primarily include electron microscopy and vibrational spectroscopy to 
image collagen fibril orientation and content in static conditions, alongside estimates of 
increasing fibre diameter with depth from the articular surface.16–18 The present study 
uses time-resolved synchrotron small angle X-ray diffraction (SAXD) combined with in 
situ mechanics to directly quantify the kinetic response of collagen fibrils in cartilage. As 
described in prior work on tendon,19,20 bone21–23  and skin24 the periodic electron density 
profile in the collagen fibrils, with an axial repeat length D of ~65-67 nm, leads to 
diffraction peaks in the low wavevector (small-angle) range. Shifts in the diffraction 
peaks are markers of fibril-level strain, and the orientation and shape of the peaks are 
markers of fibril direction and dispersion. X-ray diffraction has previously been used to 
determine cartilage collagen fibril orientation as a function of depth below the articular 
surface.25 Using SAXD, Moger and coworkers27 found that fibrils in regions of the tissue 
with relatively low loading possessed a lower degree of orientation and the converse 
was true for the higher loaded regions. Furthermore they used the technique to show 
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that in early lesions the fibrillar orientation was disrupted. The same group also later 
showed that with applied stress of 4.8 - 6.0 MPa there was a 10 degree rotation of the 
collagen fibrils near the tide mark and at greater stresses, fibrils began to “crimp”.26,27 
Here we use SAXD to measure the collagen fibril strain and the temporal dynamics 
during stress relaxation using a microfocus X-ray beam to spatially resolve fibril 
ultrastructure in the deep and transitional zones separately. We investigate collagen 
nanomechanics in healthy bovine and human cartilage explants and how this behaviour 
is affected by removal of the hydrated proteoglycans by enzymatic digestion. Such 
fundamental collagen nano-mechanics behaviour in cartilage will provide insight into its 
mechanical behaviour and functionality.  
 
Results and Discussion: 
Zonal variation in collagen fibre orientation 
Using SAXD in conjunction with a specially built mechanical testing system (adapted 
from Karunaratne et al. 21) (Fig. 1a) we have produced diffraction data which we have 
used to quantify the collagen orientation and D-period in unstrained and compressed 
articular cartilage, as shown schematically in Fig. 1b. Our SAXD patterns show that the  
collagen fibres are parallel to the articular surface in the superficial zone and 
perpendicular to the surface in the deep zone, while they have a more isotropic 
distribution in the transitional zone (Fig. 1c) confirming the well-established spatial 
pattern of collagen orientation in articular cartilage.9,27,28 
 
Sudden transient reduction in collagen fibril pre-strain during stress relaxation 
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We reveal a time-dependent ultrastructural change observed in collagen fibrils during 
compression of articular cartilage. During the stress relaxation phase at constant 
applied tissue strain (Fig. 2a), there is a sudden transient reduction in collagen D-period 
(Fig. 2b). This indicates a reduction in the level of fibril tensile pre-strain. This behaviour 
occurs approximately 60-100 s after the peak stress and is followed by a rapid return to 
the original loaded D-period. The whole event lasts approximately 50-80 s and occurs 
without any perceptible fluctuation in the macroscopic stress relaxation response (Fig. 
2a inset). This transient reduction in pre-strain indicated by change in the collagen D-
period was observed in both bovine (Fig. 2) and human articular cartilage (Fig. 3). There 
was no statistically significant difference between the transitional and deep zones in 
terms of the timing of the sudden reduction in D-period after the onset of the application 
of compression, with mean values (±standard error of the mean or ±SEM) of 60.0  
(±11.4) and 82.5 (±11.1) seconds respectively (Fig. 3c). Immediately after compression 
of human articular cartilage, there was a slight reduction in D-period of approximately 
0.5%. This was statistically significant in the deep zone with a change in D-period from 
65.6 (±0.07, n=4) nm to 65.3 (±0.11, n=4) nm (mean ± SEM, p<0.05, Fig. 3d).  
 
Calculation of collagen pre-strain and the effect of swelling pressure 
To examine the mechanism regulating the observed transient changes in collagen 
pre-strain and D period, we next investigated the effect of proteoglycan swelling 
pressure. For these studies, bovine articular cartilage explants were examined with and 
without pre-treatment with chondroitinase ABC (Sigma-Aldrich, Poole, UK). Treatment 
resulted in loss of sulphated glycosaminoglycan chains (sGAG) into the media (Fig. S1) 
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and changes in macroscopic tissue mechanics with a reduction in mean (±SEM) 
tangent modulus from 5.9MPa (±0.52) in the untreated group to 3.4MPa (±0.37) in the 
0.1U/ml treatment group (p<0.001; Fig. S2 and S3). In the untreated bovine cartilage 
samples, compression induced the sudden transient reduction in collagen D-period in 
both transitional and deep zones (Fig. 4a,b) as seen in human cartilage (Fig. 3) 
indicative of a reduction in fibril tensile strain. In the unloaded cartilage, enzymatic 
degradation of the proteoglycan produced a significant reduction in D-period in both the 
transitional (Fig. 4e) and deep zones (Fig. 4f). This reduction is accompanied by an 
increased scatter in the D-period variation for the chondroitinase-treated samples (Fig. 
4a and 4b, lower rows), especially in the transitional zone, suggesting mechanical 
disruption of the fibrillar network, as well as a reduction in pre-strain. These findings 
demonstrate the relationship between proteoglycan/water content and collagen fibrillar 
pre-strain. Specifically, the swelling pressure, exerted by the hydrated proteoglycan, 
causes tensile strain of the collagen fibres as predicted by established models of 
cartilage biomechanics.29–31 Without knowledge of the collagen D-period in the complete 
absence of any swelling pressure it is not possible to calculate the exact level of 
collagen pre-strain. However, assuming that the chondroitinase treatment removes all 
the intrinsic swelling pressure, the collagen fibres would experience a tensile pre-strain 
of approximately 1.5%. Based on previous estimates of a single collagen fibril stiffness 
of ~500 MPa,32 this level of pre-strain is equivalent to a tensile force resisting the 
swelling pressure of ~0.3 µN / fibril for a fibril radius of ~100 nm (corresponding to a 
stress of ~7.5 MPa). Furthermore the results suggest that the sudden transient 
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reduction in D-period is equivalent to a 60% reduction in total collagen pre-strain (Fig. 
2). 
Interestingly, in the transitional zone of bovine cartilage digested with chondroitinase 
to remove proteoglycan, compression resulted in a significant increase in D-period at 
peak load (Fig. 4e), in contrast to the lack of change seen in both zones of untreated 
control samples (Fig. 3d and 4e,f).  Further, it is seen that the sudden decrease in 
collagen D-period is much less clear in the transitional zone of the enzymatically 
digested tissue, compared to controls in the same region (Fig. 4a) and both groups in 
the deep zone (Fig. 4b). It is possible that these effects are related to fibril-fibril 
interaction between zones. Horizontally oriented superficial zone collagen fibrils are 
continuously connected to the transitional zone fibrils via the well-known arcade-like 
collagen fibril structure.33,34 On vertical compression, the superficial zone fibrils (at 90° 
to the loading direction) will extend in tension, and (due to their interconnection to the 
transitional zone) exert a tensile force on the transitional zone fibrils. We suggest that in 
native cartilage, fibrils are pre-strained by the proteoglycans almost to their maximum 
limit, while on enzymatic digestion, this pre-strain is lost. Therefore, in the 
chondroitinase digested tissue, the fibrils are more flexible due to the loss of pre-strain 
and have a greater range to extend (increase) in D when tension is applied. We can 
speculate, therefore, that the tensile force from the superficial zone fibrils will not have 
any effect on the transitional zone fibrils in native cartilage (as the fibrils cannot extend 
further) but in chondroitinase-digested cartilage, leads to an increase in D-period for the 
transitional zone fibrils.  
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Intra-fibrillar reordering correlating to a reduction in D-period 
In order to understand the origins of the transient reduction in fibrillar pre-strain (in terms 
of the D-period), the structural mechanisms enabling mechanical homeostasis between 
fibrils and the hydrated proteoglycans first much be considered. The resultant loss of 
pre-strain is most likely due to the reduction of the localised proteoglycan-induced 
swelling pressure and will arise if the hydration of the proteoglycans is lowered. The 
osmotic and swelling pressures inside cartilage are determined by a combination of 
water content in both the proteoglycan and collagen components, as well as ionic 
strength and pH of the immersing medium, and it has been shown that ionic strength 
variations can alter intrafibrillar spacing.35 Here we have applied controlled 
compression, whereby some of the water associated with the proteoglycans will 
undergo stress induced movement, thus expelling water from the interstitial space within 
the tissue. This effect, and the associated reduction in the fibrillar pre-strain, will also 
lead to further structural changes within the fibrillar network.  
 
Three hypothetical scenarios to accommodate such local changes are (i) intrafibrillar 
rearrangement and disordering, (ii) flow of water from the intrafibrillar space to the 
interfibrillar compartment, and (iii) fibrillar reorientation. Intrafibrillar rearrangement of 
tropocollagen molecules, specifically leading to changes in the gap to overlap ratio, 
have a characteristic and quantifiable effect on the Bragg peak intensities in the 
meridional SAXD pattern. If mechanism (i) is correct then we would expect either 
changes in the relative intensity ratios of different Bragg peaks in the SAXD pattern due 
to a change in the ratio of overlap zone in the fibril to the fibrillar D-stagger (O/D) ,36,37 
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and/or a disorder-induced reduction of peak intensities, with higher orders (larger wave 
vector) reducing more than lower orders, via a Debye-Waller term.36 In this scenario, 
assuming a step-function line-shape for the electron density variation across in the gap 
and overlap zones in the fibril, it is possible to derive analytical expressions for the 
ratios of the intensities of different orders of Bragg peaks (Equations (1)-(2), Materials 
and Methods), as functions of D, the overlap/D-period ratio (O/D) and a Debye-Waller 
term (κ) proportional to the axial disorder at the gap/overlap interface.36,37 Peak 
intensities are denoted as In with n the peak order (e.g. I5 for the 5
th order peak), and are 
measured from the total area under each Bragg peak (Materials and Methods). For 
mechanism (ii), the lateral intermolecular spacing of the tropocollagen molecules would 
reduce from the known value for hydrated collagen fibrils (dm~1.5 nm) towards the value 
for dehydrated fibrils (dm~1.1nm).
38,39 Lastly, for mechanism (iii), changes to 
predominant fibrillar orientation (from the SAXD I(χ) position) would occur transiently at 
the point of minimum D. To obtain an initial indication as to which one of these 
mechanisms is predominant, we analyse in more detail the SAXD patterns in a 
representative example (sample shown in Fig. 2). 
 
Fig. 5A) and B) show the variation of I7/I5 and I8/I5 with time, overlaid with a trace of the 
D-period variation to observe any correlated change. It is seen that near the minimum of 
D, the peak intensity ratios likewise exhibit a minimum. Viewing just the time-zone of the 
reduction of D (Fig. 5C)) it is observed that the ratios first decrease (zone 1), then vary 
in opposite directions, with I8/I5 increasing and I7/I5 decreasing, in zone 2, which 
contains the minimum of D. In the subsequent zone 3, there is a recovery of intensity 
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ratios to near original values. From the disordered step-function model of the 
gap/overlap zone of the collagen fibril, a “phase-diagram” of intensity ratios for varying 
levels of disorder can be constructed, and is shown in Fig. 5D. By varying the disorder 
term κ until a mutually consistent solution for O/D is obtained (κ~1.75 nm2; see 
Supplementary Information section S.2) for the initial values of I7/I5~0.25 and I8/I5~0.15, 
an initial value for O/D ~0.466 is found. This value is very close to previous O/D values  
of 0.46-0.47 reported in vertebrate tissues like tendon.40 The concurrent decrease in 
intensity in zone 1 (Oa → Ob in Fig. 5D; concurrently Ea →Eb) can be modelled by a 
further increase in the disorder term κ from 1.75 nm2 to 4.00 nm2. The next stage (zone 
2; Ob → Oc in Fig. 5D) can be reproduced by keeping κ fixed and reducing O/D from 
0.466 to 0.458 (leftward arrows Fig. 5D), as I7/I5 and I8/I5 vary in opposite directions 
near O/D ~ 0.466. The last stage Oc → Od, involving a combined reduction in disorder 
and increase in O/D, returns intensity ratios and D to near initial values, as observed. A 
reduction from the initial values exists (κ = 2.8 nm2 at the end vs 1.75 nm2 at the start), 
indicating residual disorder. Line-plots of these variations in intensity ratios are shown, 
together with the experimental data from Fig. 5C, in Supplementary Fig. S4. Because of 
the high observed sensitivity of the intensity ratio changes to small variations in O/D and 
disorder, it is possible that across different samples, precise details of the time-
sequence of intensity ratio variations may differ somewhat.  
 
These findings support the idea that change of intrafibrillar disorder and axial 
arrangement of tropocollagen molecules (changes in O/D ratios) as relevant 
mechanisms operating during the transient reduction in D-period, and are schematically 
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shown at the intrafibrillar/molecular level in Fig. 5E. In contrast, analysis of the 
equatorial intermolecular spacing between tropocollagen molecules inside the fibrils 
shows no change during the D-period reduction (Supplementary Fig. S6A), indicating 
intrafibrillar loss of water to the extrafibrillar compartment is not a major factor. Further, 
analysis of the azimuthal distribution of SAXD intensity show that the fibril orientation 
distribution does not change during the transient reduction in D-period (Supplementary 
Fig. S6B). The data presented are thus supportive of mechanism (i) rather than 
mechanisms (ii)-(iii), where under compression, as a result of localised changes in 
swelling pressure, there is a transient reduction in fibrillar D-period accompanied by 
intrafibrillar disordering and changes in O/D ratio, followed by a reordering as the tissue 
equilibrates. A schematic of these mechanisms at the fibrillar level (one level higher 
than the intrafibrillar scale) is given in Fig. 6.  
  
The time delay (Figs. 2-4), from the start of relaxation to the time at which the transient 
changes in the D-period occurs, may be explained by the graded structure within 
cartilage. The depth-dependent poroelastic variation in extracellular matrix composition 
and organisation leads to a reduction in the compression induced deformation of the 
deeper zones compared to the superficial zone.41,42 Simulations to determine the 
localised mechanical environment within this inhomogeneous tissue have shown that 
drag forces between solid and fluid, fluid pressure and velocities, are zone-dependent, 
such that there are  time-delayed peaks in the transitional and deep zone under time-
dependent loading.43,44 These increases in force and pressure will likely induce fluid 
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flow out of the proteoglycan gel around the fibrils in a time-dependent manner such that 
there is a wave propagation of localised strain transfer.45  
 
Our findings on the nanoscale mechanics of cartilage, including the reductions of 
fibrillar D-period due to removal of proteoglycan and associated water content, as well 
as the alterations in intrafibrillar ordering and molecular packing, can be linked to recent 
findings of hydration-induced alterations in fibrillar and intrafibrillar structure in tendon.3 
Masic et al. found, in tendon collagen, that removal of water induced shifts in fibril D-
period comparable to the pre-strains observed here (2.5% vs 1.5% in our case), and 
osmotic pressure changes had similar (but smaller) effects.3 Although the studies 
cannot be directly compared as Masic et al.3 studied complete dehydration of tendon 
collagen, while in our case we investigate partial loss of proteoglycans and associated 
water in cartilage collagen, the fibrillar-level structural changes in strain and molecular 
ordering may be related. Under a compositional change of the ECM (removal of 30-50% 
of proteoglycan47,48) that can be considered a disruptive change similar to but somewhat 
less severe than that induced by dehydration,3 stress relaxation in the fibrils is larger in 
articular cartilage than in tendon. This potentially reflects the greater volume fraction 
(and thus influence) of the non-fibrillar matrix in cartilage, as well as the difference in 
ECM architecture. Further, even during application of strains that are physiological in 
level (during stress-relaxation), the pre-strain reduction at the point of minimum D-
period was ~0.5%, corresponding to a 2.5 MPa stress off-loaded from the fibrils. 
Interestingly, the level of stress removed from the collagen fibrils in cartilage on 
enzymatic digestion (~7.5 MPa) is considerably larger than the osmotic pressures of 
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proteoglycans of ~0.1-0.4 MPa reported in Chahine et al.46 across solutions of varying 
ionic strength, with similar values reported by Maroudas and co-workers.35 Experiments 
where both PG content and ionic concentration are varied, together with the alteration of 
fibrillar pre-strain and structure, may in future shed light on these differences, as would 
selective removal of specific PG components like hyaluronan. We lastly note that these 
stress-values (such as the value of 7.5 MPa reported earlier) are of the order of the 
maximum macroscopic compressive stresses in cartilage. For example, the maximum 
stress during stress relaxation in bovine cartilage, over similar percentage strains as in 
this study, can range from less than 1 MPa (Supplementary Information, Fig. S2) to ~6-
8 MPa.15,49 Such large internal pre-stresses have been found in tendon collagen as 
well.3 In this context, our results show clear evidence for the highly pre-stressed 
environment of the collagen fibrils in situ and in physiological conditions in cartilage, 
which may be related to recent suggestions concerning the active role of collagen fibrils 
in connective tissue.3,36   
 
Conclusion: 
To conclude, we have quantified the presence of pre-strain in cartilage collagen prior 
to compression. We also find that under physiological levels of compressive strain, the 
stress-relaxation dynamics of the collagen fibrils in articular cartilage shows an unusual 
behaviour which is not detected in the macroscopic mechanical response. This 
phenomenon appears as a delayed but very rapid reduction in collagen pre-strain 
followed by an equally rapid recovery. We suggest that the temporal changes in 
collagen strain and diffraction intensity are related to compression induced changes in 
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water content in the extrafibrillar proteoglycan phase. These changes in the interfibrillar 
phase, which controls swelling pressure, lead to alterations in the intrafibrillar structure, 
specifically an increase in fibrillar disordering and a decrease in the overlap of adjacent 
axially staggered tropocollagen molecules. These mechanisms have implications for 
cartilage biomechanics and are likely to prove valuable for computational modelling, 
particularly in incorporating collagen fibrillar network mechanics (as per Fig. 6) in fibril-
reinforced poroelastic models of cartilage, where up to now the mechanical behaviour of 
collagen has had to be assumed.29 Future studies may investigate the influence of 
different loading, disease and ageing conditions, which are all associated with changes 
in cartilage proteoglycan and water content.45,50 These factors are expected to regulate 
swelling and osmotic pressures as well as collagen D-period and microfibril packing, 
and significantly alter biomechanical performance, with biomedical and clinical 
implications in joint degeneration. While the details of the mechanism behind the 
delayed transient reduction in fibril strain are, as yet, not fully understood, we suggest 
that this interesting phenomenon may provide a step change in understanding collagen 
nano-mechanics, which is of fundamental importance in cartilage and other hydrated 
collagenous soft tissues. 
 
Materials and Methods: 
Bovine explant preparation 
Bovine explants were extracted from the metacarpal-phalangeal joint of freshly 
slaughtered adult bovine steers (aged 18-24 months), which were obtained from a local 
abattoir. Full depth cartilage explants were isolated using 2mm biopsy punches from the 
normal load bearing areas of the proximal surface of the joint. The explants were then 
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cultured in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% fetal 
calf serum (FCS), 1.9mM L-glutamine, 96U/ml penicillin, 96mg/ml streptomycin (Sigma-
Aldrich, Poole, UK). The explants were rested for 24 hours at 37°C, 5% CO2, before 
being transferred into a 96-well plate. Explants were cultured for 24 hours either in 
normal media, Chondroitinase ABC at 0.1U/ml or Collagenase at 10U/ml (Sigma-
Aldrich, Poole, UK). Samples were snap frozen in liquid nitrogen followed by storage at 
-20°C for subsequent mechanical testing and SAXD analysis. 
 
Human explant preparation 
Macroscopically normal human explants were isolated from the femoral condyle of a 
44 Year old male cadaver supplied by Imperial College, London, UK. All procedures 
were conducted with full approval from the local ethics committee. As with the bovine 
explants, 2mm explants were extracted using biopsy punches. Explants were 
maintained also in culture medium (DMEM + 10%FCS) for 24 hours, and then snap 
frozen in liquid nitrogen followed by storage at -80°C 
 
Mechanical Testing 
Mechanical tests were conducted on a subset of explants to determine efficacy of 
digestion as well as to pre-characterise the mechanics, prior to in situ SAXD 
measurements on the remaining samples. The same mechanical testing protocol was 
also used for testing during synchrotron SAXD measurements. The explant thickness 
was measured using calibrated Vernier callipers to within 10 µm. Explants were then 
compressed in unconfined conditions in a custom made micro-compression tester with 
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a 22N load cell (RDP Electronics, UK), and a LabVIEW control interface (National 
Instruments, UK). Explants were hydrated using phosphate buffered saline (PBS). A 
0.1N tare load was initially applied prior to uniaxial compression at a strain rate of 
20%/min to a maximum strain of 20%. After compression, the tissue was held at 20% 
strain for a stress relaxation period of 900s. Tissue stiffness was quantified by the 
tangent modulus calculated from the linear portion of the stress-strain curve during the 
ramp-up compression phase of the test. A total of 9 samples were tested in each group. 
 
In situ small-angle X-ray diffraction (SAXD) 
SAXD measurements were carried out on the microfocus endstation at the I22 
beamline at Diamond Light Source (DLS, Harwell, UK). The beam size was 15µm and 
the photon energy 14keV. The micro-compression tester was mounted onto the 
microfocus platform to allow simultaneous compression of the tissue during X-ray 
measurements (Fig. 1a). SAXD patterns were recorded with a Pilatus P3-2M detector 
(Dectris, Villingen, CH) with a pixel size of 172µm and a resolution of 1475 × 1679 
pixels (horizontal x vertical)) The sample to detector distance of 841.7±1.0mm was 
calibrated using silver behenate (AgBe).  
The transitional and deep zones for each sample were first identified using a 1D 
SAXD line-scan along the sample which revealed clear qualitative differences between 
the superficial, transitional and deep zones (Fig. 1c). SAXD measurements were carried 
out during relaxation of the tissue (either in the deep or transitional zone), in an 
automated manner using Python scripts integrated into GDA, the open source 
framework for data collection at DLS (http://www.opengda.org/). Specifically, SAXD 
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measurements with short exposure times (0.5s per measurement point) were carried 
out during the stress relaxation. During the measurements, the micro-compression 
stage was shifted in the horizontal direction with respect to the beam, to expose 
different regions of the tissue within a 500µm window in order to minimise radiation 
damage to the tissue. Horizontal scanning was chosen so that the X-ray beam would 
remain in the zone of interest, as the cartilage tissue is approximately homogenous 
parallel to the tissue surface. As the majority of the relaxation in stress occurs over the 
first ~150 seconds, the time-interval between SAXD acquisitions was shorter (10 
seconds) in this period and longer (60 seconds) afterward. The superficial zone was not 
measured when performing time-dependent tracking using the X-ray beam, due to the 
limited thickness of the superficial zone in cartilage as well as its large displacement on 
deformation. 
To determine shifts in fibrillar D-period used to calculate fibrillar strain, the D-period for 
each SAXD frame was measured by azimuthally averaging the 2D SAXD intensity from 
0° to 360° about the beam centre to obtain the integrated intensity profile I(q) (Fig. 1a,c). 
The integrated data I(q) was then fitted to a Gaussian with a linear background to obtain 
the peak position q0, which is equal to 2π/D, where D represents the fibrillar D-period. 
Custom Perl scripts integrated with the Gnuplot software (www.gnuplot.info) and Fit2D51 
were used to carry out the integration and fitting for all the SAXD patterns in a batch-
manner. When calculating fibrillar pre-strain (% change in D-period) the reference D-
period value was taken as the value in the uncompressed state. To calculate peak 
intensities of different meridional orders in the SAXD pattern (e.g. I5 for the 5
th order 
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peak), the peak area was estimated (up to a multiplicative constant π2 ) from the 
product of the fitted amplitude and width.  
To calculate lateral tropocollagen molecule spacing dm between the collagen fibrils, a 
cake-shaped sector from q ~ 1.7 nm-1 to ~7.2 nm-1 and oriented at 90° to the (vertical) 
fibril direction was defined in Fit2D. After azimuthally averaging the intensity, and 
subtracting the diffuse SAXS background (Supplementary Fig. S5A), the equatorial 
SAXS peak was fitted to a Gaussian (Supplementary Fig. S5B) with peak position qm, 
and dm was calculated from dm = 2π/qm.   
To determine the ratio of the overlap zone (O) in the fibril to the D-period (O/D here 
and elsewhere) from the SAXD pattern, in the presence of intrafibrillar disorder, an 
analysis approach combining elements of prior analysis36,37 is used. Specifically, in the 
absence of disorder, the ratio of the mth to nth order meridional Bragg peak intensities in 




























.37,40 If a degree of disordering of the 
sharp gap/overlap interface is present, the peak intensities are reduced by a Debye-
Waller type factor ( )2exp qκ−  where κ is a term proportional to the disordering, and q is 
the wavevector of the specific SAXD peak.36 Higher order peaks (with larger q) are thus 






= , we have Equations (1) and (2): 
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 is plotted for different 











 is described in Supplementary Information Section S2. 
Statistical Analysis 
The representative trace refers to a single sample whereas the grouped data are 
mean values with standard error of mean (SEM) (where n=5-9). Statistical analyses 
were performed using Microsoft Excel. Data was analysed and significance measured 
using a either paired (within-group) or un-paired (between-groups) t-test. Within-group 
tests refer to statistical significance relative to the corresponding uncompressed fibrillar 
state (prior to mechanical loading) within a sample group and are indicated at p<0.05 
(#), p<0.01 (##) and p<0.001(###). Between-group tests refer to the statistical 
significance of the enzymatic group relative to the control groups within each fibrillar 
state and are indicated at p<0.05 (*), p<0.01 (**) and p<0.001(***). 
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Figure 1. Experimental setup for in situ structural analysis of collagen fibrils in 
cartilage. (A) A micro-compression tester was used in line with the x-ray beam to 
simultaneously measure changes in fibril strain whilst performing stress relaxation tests. 
(B) Representative SAXD pattern from bovine articular cartilage. A combination of fibrils 
at different predominant angles contributes to the diffraction peaks. Due to the periodic 
electron density along the collagen fibril axis (with a period D), a set of Bragg peaks at 
multiples of 2π/D could be observed within the X-ray scattering patterns. (C) The depth-
dependent collagen architecture in articular cartilage can be observed in the associated 
diffraction patterns, with fibrillar D-period and orientation determined from the peak 
positions in the azimuthally and radially integrated intensity profiles, respectively. 
Figure 2. Collagen fibrils experience a delayed reduction and recovery in fibrillar 
pre-strain in response to stress-relaxation. (a) Representative, macro-scale stress 
response in compressed bovine cartilage during relaxation (20% strain level loaded at a 
rate of 20%/min). (b) Corresponding absolute and percentage change in D-period, 
relative to the unloaded local D-period. Red arrow highlights the time at minimum D-
period. The onset of the event starts at ~50 seconds after peak load, and the 
subsequent D-period recovery is complete by ~150 seconds (Fig. 2b), during which 
period no visible changes in tissue stress is visible (Fig. 2a, inset). 
Figure 3. Delayed fibrillar response to loading observed in human femoral 
cartilage. Percentage change in fibrillar D-period during macroscale tissue relaxation 
found in both the transitional (a) and deep (b) zones, averaged over multiple samples  
(Transitional n=5, Deep n=4). A delayed rapid reduction to a minimum D-period (red 
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arrow), followed by a recovery is observed ~50-100 seconds after peak load in both 
cases. (c) The time from the start of tissue-level relaxation until the minimum D-period 
value; no significant differences were observed between the two zones (p>0.05). (d) 
Variation in absolute D-period at different time points (uncompressed, at peak load, at 
the point of minimum D and relaxed) for both transitional and deep zones. Error bars 
represent standard error of mean throughout, * indicate significance between groups, # 
indicate significance within groups.   
Figure 4. Enzymatic degradation leads to an altered fibrillar pre-strain alongside 
changes to fibrillar response directly after loading in bovine cartilage. Data shown 
separately for transitional (a,c,e) and deep (b,d,f) zones. (a,b) Time-dependent variation 
in percentage change of D-period, showing delayed fibrillar response within both the 
transitional and deep zones in the control group and a loss of response in the 
transitional zone of the enzymatic group (a, lower plot). (c,d) Time from the start of 
macro-scale relaxation to minimum D-period. (e,f) Variations in absolute values of D-
period (at the different stages of stress relaxation) in both the transitional and deep 
zones. These values show reduced fibrillar pre-strain as a result of enzymatic digestion. 
Error bars represent standard error of mean (n=5), * indicate significance between 
groups, # indicate significance within groups.   
Figure 5. Intra- and interfibrillar structural alterations during transient reduction 
of pre-strain: A) The time-variation of the 7th to the 5th order peak intensity ratio I7/I5 
(solid black line) shows a characteristic dip (highlighted in dashed box) near the 
minimum in D (grey line); data from the sample shown in Fig. 2. B) Similar to A), but for 
the 8th to the 5th order peak intensity ratio I8/I5 and showing a similar dip near the 
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minimum in D. C) Left: A temporally magnified overlay of the D-period variation (gray 
line), I7/I5 (open symbols) and I8/I5 (filled symbols) near the minimum in D, showing 
approximately three distinct regions: (1) both I7/I5 and I8/I5 reduce from their initial values 
of ~0.25 and ~0.15, in parallel with the reduction in D. (2) D continues to reduce, 
reaches the minimum and increases, but I7/I5 and I8/I5 vary in opposite directions: I8/I5 
increases followed by a levelling off, whilst I7/I5 decreases followed by a later increase. 
The symbols (a, b, c, d) denote specific time-demarcation points, and are explained in 
part D). Right: Schematic of the fibrillar level changes which can be inferred from the 
changes in the left panel, specifically a combination of intrafibrillar disordering and 
change in overlap/D ratio, as will be made quantitative in D). D) Modelling of the 
observed behavior in C), in terms of changes in overlap/D ratio and changes in the 
intrafibrillar disorder parameter κ. Lines indicate plots of predicted I7/I5 (blue) and I8/I5 
(red) for varying overlap/D ratio (abscissa), using a step-function model (with 
intrafibrillar disorder) for SAXD intensity. Different line styles indicate varying levels of 
intrafibrillar disorder; dashed: κ = 0.00 nm2 (no disorder), solid: κ = κ0 = 1.75 nm
2, dash-
dot: κ = κ1 = 4.0 nm
2. Circles indicate different stages (a→b→c→d) in the process, 
which correspond to the times in C), where the labels O(a-d) and E(a-d) refer to the odd 
(I7/I5) and even (I8/I5) order ratio values at each stage respectively. An increase in 
disorder (vertical down arrow; a→b) is followed by a change in O/D ratio (left-inclined 
arrow; b→c), concluded by a return to near-initial values (c→d). Arrows are displaced 
laterally in the (a→b) stage to avoid overlap. E) Schematics of the intrafibrillar-level 
mechanisms corresponding to the transient changes in D. Each vertical dark blue rod 
corresponds to a single tropocollagen molecule, which are aggregated to form a fibril. 
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D-period, overlap (O) and gap (G) regions indicated on the leftmost schematic. As 
above, a, b, c and d correspond to points in Fig. 5D. Left to right: ordered arrangement 
of tropocollagen molecules with well-defined gap/overlap interface, followed by an 
increase in intrafibrillar disorder leading to a blurred interface, then a reduction in 
overlap zone and finally ordered intrafibrillar arrangement after recovery of pre-strain – 
for schematic clarity, the residual disorder at the last stage is not depicted. 
 
Figure 6. Fibrillar level mechanisms underlying transient change in pre-strain in 
cartilage: (A) Schematic of the cartilage ECM nanostructure at the fibrillar (~10-100 nm) 
scale, with ordered Type II collagen fibrils (banded rods) surrounded by swollen, 
amorphous aggregates of negatively charged proteoglycans (orange circles)  with a 
large number of loosely bound water molecules (blue circles)). Orange arrows indicated 
direction and relative magnitude of tensile pre-strain exerted by the proteoglycan 
aggregates on the collagen fibril. Left: Unloaded cartilage. Middle: Static compression of 
tissue is followed by a transient reduction of pre-strain in the collagen fibrils, possibly 
due to loss of water molecules and structural collapse in the proteoglycan network (blue 
arrows indicate direction of fluid flow). The reduction in pre-strain is shown by a 
decrease in D-period. In addition the gap/overlap interface in the collagen D-period 
banding pattern becoming increasingly blurred, suggesting an associated dis-ordering 
and loss of crystallinity in the collagen molecules. Right: As water molecules return to 
the proteoglycan aggregates there is a restoration of collagen fibril pre-strain and 
ordering/crystallinity.  
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Figure 1. Experimental setup for in situ structural analysis of collagen fibrils in cartilage. (A) A 
micro-compression tester was used in line with the x-ray beam to simultaneously measure changes in fibril 
strain whilst performing stress relaxation tests. (B) Representative SAXD pattern from bovine articular 
cartilage. A combination of fibrils at different predominant angles contributes to the diffraction peaks. Due to 
the periodic electron density along the collagen fibril axis (with a period D), a set of Bragg peaks at 
multiples of 2π/D could be observed within the X-ray scattering patterns. (C) The depth-dependent collagen 
architecture in articular cartilage can be observed in the associated diffraction patterns, with fibrillar D-
period and orientation determined from the peak positions in the azimuthally and radially integrated 
intensity profiles, respectively.  
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Figure 2. Collagen fibrils experience a delayed reduction and recovery in fibrillar pre-strain in 
response to stress-relaxation. (a) Representative, macro-scale stress response in compressed bovine 
cartilage during relaxation (20% strain level loaded at a rate of 20%/min). (b) Corresponding absolute and 
percentage change in D-period, relative to the unloaded local D-period. Red arrow highlights the time at 
minimum D-period. The onset of the event starts at ~50 seconds after peak load, and the subsequent D-
period recovery is complete by ~150 seconds (Fig. 2b), during which period no visible changes in tissue 
stress is visible (Fig. 2a, inset).  
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Figure 3. Delayed fibrillar response to loading observed in human femoral cartilage. Percentage 
change in fibrillar D-period during macroscale tissue relaxation found in both the transitional (a) and deep 
(b) zones, averaged over multiple samples  (Transitional n=5, Deep n=4). A delayed rapid reduction to a 
minimum D-period (red arrow), followed by a recovery is observed ~50-100 seconds after peak load in both 
cases. (c) The time from the start of tissue-level relaxation until the minimum D-period value; no significant 
differences were observed between the two zones (p>0.05). (d) Variation in absolute D-period at different 
time points (uncompressed, at peak load, at the point of minimum D and relaxed) for both transitional and 
deep zones. Error bars represent standard error of mean throughout, * indicate significance between 
groups, # indicate significance within groups.    
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Figure 4. Enzymatic degradation leads to an altered fibrillar pre-strain alongside changes to 
fibrillar response directly after loading in bovine cartilage. Data shown separately for transitional 
(a,c,e) and deep (b,d,f) zones. (a,b) Time-dependent variation in percentage change of D-period, showing 
delayed fibrillar response within both the transitional and deep zones in the control group and a loss of 
response in the transitional zone of the enzymatic group (a, lower plot). (c,d) Time from the start of macro-
scale relaxation to minimum D-period. (e,f) Variations in absolute values of D-period (at the different stages 
of stress relaxation) in both the transitional and deep zones. These values show reduced fibrillar pre-strain 
as a result of enzymatic digestion. Error bars represent standard error of mean (n=5), * indicate 
significance between groups, # indicate significance within groups.    
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Figure 5. Intra- and interfibrillar structural alterations during transient reduction of pre-strain: A) 
The time-variation of the 7th to the 5th order peak intensity ratio I7/I5 (solid black line) shows a 
characteristic dip (highlighted in dashed box) near the minimum in D (grey line); data from the sample 
shown in Fig. 2. B) Similar to A), but for the 8th to the 5th order peak intensity ratio I8/I5 and showing a 
similar dip near the minimum in D. C) Left: A temporally magnified overlay of the D-period variation (gray 
line), I7/I5 (open symbols) and I8/I5 (filled symbols) near the minimum in D, showing approximately three 
distinct regions: (1) both I7/I5 and I8/I5 reduce from their initial values of ~0.25 and ~0.15, in parallel with 
the reduction in D. (2) D continues to reduce, reaches the minimum and increases, but I7/I5 and I8/I5 vary 
in opposite directions: I8/I5 increases followed by a levelling off, whilst I7/I5 decreases followed by a later 
increase. The symbols (a, b, c, d) denote specific time-demarcation points, and are explained in part D). 
Right: Schematic of the fibrillar level changes which can be inferred from the changes in the left panel, 
specifically a combination of intrafibrillar disordering and change in overlap/D ratio, as will be made 
quantitative in D). D) Modelling of the observed behavior in C), in terms of changes in overlap/D ratio and 
changes in the intrafibrillar disorder parameter κ. Lines indicate plots of predicted I7/I5 (blue) and I8/I5 
(red) for varying overlap/D ratio (abscissa), using a step-function model (with intrafibrillar disorder) for 
SAXD intensity. Different line styles indicate varying levels of intrafibrillar disorder; dashed: κ = 0.00 nm2 
(no disorder), solid: κ = κ0 = 1.75 nm
2, dash-dot: κ = κ1 = 4.0 nm
2. Circles indicate different stages 
(a→b→c→d) in the process, which correspond to the times in C), where the labels O(a-d) and E(a-d) refer to 
the odd (I7/I5) and even (I8/I5) order ratio values at each stage respectively. An increase in disorder (vertical 
down arrow; a→b) is followed by a change in O/D ratio (left-inclined arrow; b→c), concluded by a return to 
near-initial values (c→d). Arrows are displaced laterally in the (a→b) stage to avoid overlap. E) Schematics 
of the intrafibrillar-level mechanisms corresponding to the transient changes in D. Each vertical dark blue 
rod corresponds to a single tropocollagen molecule, which are aggregated to form a fibril. D-period, overlap 
(O) and gap (G) regions indicated on the leftmost schematic. As above, a, b, c and d correspond to points in 
Fig. 5D. Left to right: ordered arrangement of tropocollagen molecules with well-defined gap/overlap 
interface, followed by an increase in intrafibrillar disorder leading to a blurred interface, then a reduction in 
overlap zone and finally ordered intrafibrillar arrangement after recovery of pre-strain – for schematic 
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clarity, the residual disorder at the last  
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Figure 6. Fibrillar level mechanisms underlying transient change in pre-strain in cartilage: (A) 
Schematic of the cartilage ECM nanostructure at the fibrillar (~10-100 nm) scale, with ordered Type II 
collagen fibrils (banded rods) surrounded by swollen, amorphous aggregates of negatively charged 
proteoglycans (orange circles)  with a large number of loosely bound water molecules (blue circles)). Orange 
arrows indicated direction and relative magnitude of tensile pre-strain exerted by the proteoglycan 
aggregates on the collagen fibril. Left: Unloaded cartilage. Middle: Static compression of tissue is followed 
by a transient reduction of pre-strain in the collagen fibrils, possibly due to loss of water molecules and 
structural collapse in the proteoglycan network (blue arrows indicate direction of fluid flow). The reduction in 
pre-strain is shown by a decrease in D-period. In addition the gap/overlap interface in the collagen D-period 
banding pattern becoming increasingly blurred, suggesting an associated dis-ordering and loss of 
crystallinity in the collagen molecules. Right: As water molecules return to the proteoglycan aggregates 
there is a restoration of collagen fibril pre-strain and ordering/crystallinity.  
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